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66 Oapicr 2 Some Stmpiv Radialini: Systems BRd Anienna Practice 
2^-2 iVlanopoles 

The principles of Image lhcor\' are iJlusii JiecJ in rhis section sx/'nh several forms of 
Xhc moAopole anienna. A monopole is a dipolc thai has been divided in half at its 
cenier feed point and fed against ^ ground plane. Three nionopolei and their images 
in a perfect around plane are shov^-n in Fig. 2-Jl. High-frequency monopoles are 
often fed from coaxial cables behind the ground planu as shown in Fig. 2-7 2^. 

The currenis and charges on a monopole are the same as on the uppdf half of its 
dipolc counterpart, but the terminal voltage is only half that of the dipole. The 
\'Chu{x is half because the gap widrh of the input terminals is half that of Che dipole. 
Hnd the ^ame electric field ovei half the distance gives half the voltage. The input 
impedance tor a monopole is ihorefore half thai of Us dipole cotanierpan, or 



f2.17) 



This is easily denjonsirated for rhe radiation resistance. Since the field* only esctend 
over a hemisphere, the power radiated is only half thai of a dipole with the same 
current. Therefore^ the radiation resistance of a monopole is given by 



1 



For example, the radiation resistance of o short monopole is from (1-377) 



0' 



far h « k 



(2.39) 



where h is ihe length of the monopole and = 2h, 

The radiation pattern of a monopole above a perfecf ground plane, as in Fig» 
2-12, is the same as that of a dipole similarly positioned in free space Since the fields 
above the image plane are the same. Therefore, a monopole fed against a perfect 
ground plane radiates one-half the loial power of a similar dipole in free space 
because the power is distributed in the same fashion but only over half as much 




(0>MeaopOle anicBiui 



I 

I 

th} CBpaclrof plain nmiopolc 




(r) Tr^ixtRii«sioa line monopoie 
Hgore 2-12 Monopole antennas over perfeei ground planes with their images (dashed). 
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space. A3 a result, cbe beam solid angle of a monopole above a perfect ^oand i>luo'<;' 'i X :'V!-> 
is one-half That of a similar dipole in Greft space, leading to a doubting of ihc dlrec-,^. V^.; . 
tivity: ■^^•''"« 
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This can be shown In another way. If a dipole in free spac^i has a maximum radii cioi^ -."/j*Vrv^^^^^ 
intensity of CA,, a monopole of half the length above a perfect ground pIane^vjcJ>•*:^:.■/:; •^J:'j 
the same current will have same value of (],„ since the fields arc Ihc !»ame. Tho ioi.iK: - Viy v-i " 
radiated power for the dipole is P, SO the power radiated from the monopote is i'^i'-'^^vr ' 
The directivity from (1-145) for the two antennas is \\ '^Ui-'-. 
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rhu- directivity increase does not comii from an increase in the radiation inten8il^^ 
'find, hence, (icld intensity) but rather from a decrease in average radiulioii inicnsitjj, "j.-Xj^ i I 
i*his. in turn, comes about because only half che powtr radiated by :i Jipoiy^. if ' 
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68 Chupicr T Some Sir.ipic Rudialin^a Syslcras hnO Antenna PnicLKc 




figure 2-13 Monopoles wiib Nupponmi; ^uy wires. 



Z^=-172 -i- ,/42^) = 36 + /21.3 H m^monopoU 



(2-24) 



Al Jow frequencies, a monopole xhat is a quarter wavelength long or less can be 
rather large physically. For example, In the standard AM broadcast baad at 1 MHz, 
the wavelen£(h is 300 zxu and a quarter-wave monopole is 75 m taJl. Such a large 
structure is usually nof self-supporting, and guy wires are emj^oyed for sixpport. 
Currents can exist in these guy wires in a downward directron tending to caned the 
effect of the vertical element. Insulators are added to break up these currents, as in 
Rg. 2-13. 

If currents are allowed to contiDue from the znonopole out omo the guys, there 
is a partial top-loading effect for towers shorter than a quarter wavelength^ thereby 
increasing the radiation resistance. See Fig. 2-13^. The loading is usually not enough 
to give uniform current on the vertical member. Also, the downward angle of the 
guys gives a slight canceling of the fields from the vcrtica] curxenL For a comparable- 
length monopole, the limbrella-loaded version has a lov/er radiation resistance than 
the capacitor-plate monopole, ExperinieDtal data are available in the literature for 
umbrella-loaded monopoles [3}. 

2A SMAXL LOOP ANTENNAS 

A dosed loop current who^ moximunn dimension is less than about a tenth of a 
waveJengtb is called a smell loop antenna. Again, small is interprcied as meaning 
eleciricaliy smalU or small compared to a wavelength. In this section, we use two 
methods to solve for the radiation propenies of small loop nntennas. Fiist, we show 
that tha small loop is the dual of an ideal dipole. and by observing the duality 
contained in Maxwell's equations, we use the results previously derived for the ideal 
dipole to write the fields of a small loop. Next, wc derive the fields of a small loop 
directly and show chat the results are the same as those obtained using duality. 

2.4.1 Duality 

Frequently^ an antenna problem arises for which the structure is the dual of an 
antenna whose solution is known. If antenna structures are duals^ it is possible to 



is radiated by a monopole. Tne direcriviiy of a short monopole. for example, is " 

The directivity of a quaner-wave monopole is twice that of a half-wavc dipole in | 
free ^acc: that is, from Fig. 2-6 and (2-22) - 

D - 2(1.64) - 3.28 - 5.16 dB (2-23) 

The input impedance of an infimtcsimally thin quarter-wave monopole from Bg. 2- 
6 and (2-17.) is 
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Figure 5-53 Inpui lmp$dane« of 4 square loop anieQna as a functior) of ths luop perimeter 
in wavelengths. The loop is fed in the center of one side and has a wire radius cfa~ 
0.001 A. Numerical calculadon methods were used. 

5^ MICROSTRIP ANTENNAS 

• ■ 

Printed antennas are oonstructfid using printed circuit fabrication techniques such 
That a portion of the metallization layer is responsible for radiation. Microstrip 
unfenna patch cleTTients, and arrays of patches, are the most common term of 
printed anceana and were conceived in the 1950s. Extensive investigations of patch 
antennas began in the 19705 [33, 34] and resulted in many useful design configura- 
tions [35]. Primed antennas are popular with antenna engineers for their low profile, 
for the ease with which they can be configured to specialized geometries, and be- 
cause of their low oosl when produc<?d in large quantities. This section explains the 
basic operating principles of microstrip elements and arrays. Simple formulas are 
given that produce approximate results. Lengthy formulas that are more general 
and more accurate are available [36. 37]. 

5^.1 Microstrip Patch Antennas 

A microstrip device in its simplest form is a layered structure with two parallel 
conductors separated by a thin dielectric substrate and the 3owei conductor acting 
as a ground plane. If the upper metaDizarion is a long narrow strip, a microsmp 
transmission Sine is formed. If the upper conductor is a paich XhaX is an appreciable 
fraction of a wavelength in extent, the device becomes a microstrip antenna, as 
ilJustmted in Fig. 5-54. The patch antenna belongs to the dass of resonant antennas 
and its resonant behavior is responsible for the main challenge in microstrip antenns 
design — achieving adequate bandwidth. Conventional patch designs yield band* 
widths as low as a few percent. The resonant namre of microstrip antennas also 
mean$ that ai frequencies below UHF they become excessively larcc. They are 
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RecMuigalar Ptitch Anfenna. Fiijurx: 5o4 .shows the mca^i CfirtimonK used :i Vffh ; 
microstrip antenna, a recwrti^iiar patch bein^ ted from a microMrip inmsmissiort f' 
line. The substrate thicknciis / is much less th^ir^ n wavelength. Thtf r^jvrtangular patch" A V * 
is usually operated neai* resonnnce in order to obtain a rcaf-valueJ input impcitoncc^ ':.*r!^V'' 
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212 Chispicr 5 Resccm am Anicnnas* wires and Paiches 

N/1odc^ls 3V;^ihb)e for determining the resonaiM frequency, wjih the cavity model 
usually yielding accurate results: .<?ce [55j. The- fringing fields act to extend the 
fective lengrh of the paicli. Thus, rhe Jcngch of a half-wave patch is slightly less than 
a hair wav<fltnt»th in the dielectric subsiraie maicrial. Thiji is similar to foreshori- 
cning a half-wave dipoJe to achieve resonance. The amount of length reduction 
dcpcnd.s OQ s,. /, and W, i^ormulas are available [o esiimaie the resonant Jengih (33, 
.^6. .^7). hui empirical adjustmencs arc often necessary in practice, An approximate 
value for the length of a resonant half-wavelcngih patch is [34] 

L 0.49 Arf « 0.49 half-wave parch (5-72> 

where A is the free-space wavelength. the wavelength in the dieleccric, and ihs 
substrate dielectric constani. We focus ovr aiiention here on half-wave patch 
antenna. 

The region between the conductors acts as a half-waveleng th transmisslon-liite 
cavity thai is open-circuited ac its ends. Figure 5-54^? shows the electric fields asso- 
ciated with the standing wave mode in the dielectric The ciJeciric field lines are 
perpendicular to the conductors as required by boundary conditions and look much 
like those in a parallel plaie capacitor. The fringing fields at the ends ar^ exposed 
to the upper half-space {z > 0) and are responsible for the radiation- The standing 
wave mode with a half-wavelenglh separation between ends leads to electric fields 
that arc of opposite phase 00 the left and right halves (Lc., positive and negative 
x). Therefore, the total Ixinpng £elds at the edges are ISO* out of phase and equ^ 
in magnitude- Viewed from the top (see Fig. 5-54c), the x-cortrponcpts^f Aefrinpng 
fields are actually in-isfaase^ leading to a broadside radiation pattern: that IsTffie 
peak radiation is in the -i-2-direction. This model suggests an '^aperture field" anal> 
ysis approach where th^ patch ha^; rwe% i^digtiny y^^f cp^i«>«, t^^r^t 
iTL^he^^ne^of^t]^^ For the half-wave patch case, the slots areequSflirSia^ 
niiiideandphase. The t^elds along the edges associated with slots 1 and 2 are con- 
stant, whereas those along the Other edges, seen in side view in Fig. 5-546, have odd 
symmetry and their radiation cancels in the broadside direction and is usually ne- 
glected. The width of the slots is often taken to be equal to the substrate thickness, 
that is. s =» /. The patch radiation is linearly polarized in the jTz-plane^ that is. paralle) 
to the electric fields in the slots. 

The pattern of a rectangular patch antenna rs rather broad with a maximum 
direciioti normal to the plane of the antenna. Pattern computation for the rectan- 
gular patch is easily performed by first creating equivalent magnetic surface cur- 
rents, as shown in Fig. 5-54c, from the fringe electric fields using = 2E^ x n. 
where £p is the fringe electric field in each of the edge slots; this follows from (1-23) 
or (7-2). The factor Of^comes from the imay of the p ^^riet jfp gnrrft nt in the electric 
jground plane (see Fig. 7-4c> if we assume r is small. The f^-field conoponents follow 
from (7-26) (seeProb. 7.] -7) as 

Eg » f « cos ^ /(ff. ^) 



where 



« -En <ios a sin /(^, <!>) 



(5^738) 
(5-73b) 



sin $ sin 4> 
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sin 9 sin ^ 



cos^^ sin cos (5-73c) 
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5.S Microstrip Antennas 213. " ^-t^V ' 
and P is the usual frcc.spAc<; phase constant. The first factor is the pattern i;iGK^^^^^ 




This simple panem expression neglects substrate effects and slot width ( i c ' v • -/^ 
fringing). 




90 



- 1 \wy 



half 'Wave patch 




Thus, the input impedance (resistaixce) is reduced by widening ihe patch. For^x-. 
ample, tor a dielectric of Cr - 2.2. a width-lo-Iengih ratio of WfL ^2.7 gives a 5{Ul ^ ' ■ 
mpu^ impedance. / • ' 

Techniques for feeding patches are summarized inF^ 5-53. Thev can be classi^ed • ' ' * 
into three groups: direct ty coupled . cJectromaenetiCallv coupled , or aperture COu^ ^ 
pled. Direct couphng methods art ihe oldest and most popular, but onlv provide\-" .J-^V • ' 
one degree of freedom to adjust impedance. The microsirip feed ^ne excitina jhc--'- •-i:'^^^ " " 
patch edge and the coaxial probe are examples of direct letsds. The recti2ngu^ar•'^/'''•^^^-^ 
parch 15 normaUy fed along a patch cenierline in the f-planc as shown in Fi«T ' \ ! 'i . 
This avoids excliaiion of a second resonant mode orthogonal to the dcsiredlmodc! 
wJucn would lead to cxcci>sive croas polnrizaiion 

The direct coaxial probe feed lUusiraicd in Fig. 5^55a is simple ro implemeni < 
extending the center conductor of the connector attached to the eround plane up r . >. 
io the patch. Impedance can be adjusted by proper placement or^the probe feed V^-^^^rffe' 
As the probe distance from the patch edge. ^„ in Fig. S-55a. is increased, the input ^ 

resistance of (5-75) h reduced by the faaorcos^ (56l. A disadvaniase ot t3ie ;; 

probe feed is thai it introduce.^ an inductance that prevents the parch iroui bcih*' i 
resonant if / is OJ A Or greater. Also, probe radiation cnn be a source of cross p.^ i 
lan2ntion. " 
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(jtJ Apcmife coitplcd feed. 

F(gur« Techniques for feeding laicroscrip patch anLcnna& 

that is a quarter-wavelength long based on the wavelength in the transmission line. 
This ctutTactciistic impedance of the matching section is ^ven by 

Zt, = *^Z^Z„ guaner-wave Transformer (5-76) 

In general, the characteristic impedance of a micro$erip Une is decreased by increas- 
ing the strip width, much as loss resistance is inverse)y proportional to wire dlaimetcr 
see (3-175). That is, the wider the sinp, the lower the characteristic impedance. 

Another type of microsTrip feed is the inset feed shown in Fig. 5-55c, which offers 
the advantage of being planar and easily etched as well as providing adjustable inpni 
impedance Ihrough inScl geometry changes. The input resistance of (5*75) Is mul' 

Capliad t»y the factor of cos^ ^ j^' [^l* Howi^ver, lar^e input ampedatnee chant^eS 

that are required for high-permittivity substrates demand significaat inset depths, 
which affects cross polarization and radiation pattern shape. 
The direct feeds of Figs* S-SSa through S-SSc have a narrow bandwidth that ean 
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only be increased by increasing the substrate thickness, which has the drawback" oi?;.: 
increasing the power in the waves trapped along the surface, which are called jur/borf-: 
waves. Eleciromasneric coupled feeds (also called proximity, aoncojitactuig, otga^^v 
feeds) do not contact the p&tcb and have at least two design parameters. They also^ 
have the advantage of being less scndlivc to etchiag errors. For each direct feed jih 
Kgs, S'SSa through 5-55e, there is gap feed counterpart shown in Figs. 5-55d throughf ' w 
5-55/: "nie probe feed with a g^p In Fig. 5-55<f has the advantages of coaxifil fee^;' 
Also, the gap capacitance partially caxieels the probe inductance, pennittins ihickejfV- 
substaies. The microstrip feed wi(h a gap in Fig. 5-55c is entirety planar aad eaiy tcK: l ^- • 
etch. However* in high-permit tivity designs, the gap distance may become smalt;^ fiSVriiv: 
The two-layer f^ed of Fig. 5-55/ is a recent technique that is especially useftil ini. , ^>i;;r: 
microstrip arrays with a top layer for the patches and a second layer for the raiprc^;*;.:^;!!..- 
strip feed network. " "V'r?V:'."; v- 

The aperture-coupied feed of Fig, 5 $5$ is increasing in popularity. The upper vi>1 s'uK 
substrate can be of low dicicciric constant to promote radiation and a lower subel'' ;'\-:'r J J 
slrate containing the feed can be of high dielectric constant to enhance bludJnji o^ jf^r S ' ' 
the tields to the feed Knes. This leads to increased bandwidth. Another advantage; 
is that the central ground plane acts to isolate the feed system from the patches. i 

Materials such as PTFE composites and alumina are available for the dielectrici 
substrate with ranging from 1 to about 25. with around 23 beinj most popwla^' 
[33; 38. Chap. 3], The selection of dielectric type is based on its loss, temperature; 
and dimensional stability, uniformity of manufacturing (especially variatioos^jii^ 
and available sheet sizes and thicknesses, ' f 

The bandwidth and efftciency of a patch, arc increased by increasing substrain?, 
thickness t and by lowering s^. The associated penally in array applications is an-:; 
increase in side lobes and cross polarization as a result of surface waves across aiV"^ 
array of patches. This is a fundamental design tradeoff. Bjindwldrh is o<tcn.chiilr 
uUimute limiting performance parameter and can be found from the foUowing sirni-V. 
pie empirical formula for impedance bandwidth [56]; .* v 



B « 5.77 



^ K 'i i 



where bandwidth is defined as fractional bandwidth relative to the center fretiuifnct^? 
for a VSWR less than 2 ~ 
s<)uare patch on a substrate 
bandwidth from (5-77) 
m (5-77^. 

Another rectangular patch antenna encountered in practice is the quarier->\-ave*' 
element that has L « and is formed by placing shorting hirt* fr^m th« pntcS to'i • 
Che ground plane at x = 0 In Fig, 5-54n and eliminating the patch metalis^atian forS- 
X > 0- The curn;nt peak (cicnric licld null) is then in the same position as the half-'; 
wave patch. 




. ••,;.> v. 



« 

:^^MfnE 5-2 Haif- Wavt, Square Micrt>strip Patch Aauma 



A b\|ua/c. hall-wuvc patch wns ^^jigncd lo resonant u( 3,n3 GHz * A « 9.V cmi 4m a / = I ?:/ 
cm (45 mils) thick subsimte with tt, = 2.35. From lS-72). r^'C ' 
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Rpure 5-55 RaOiaiion paticrns for (he squart micrvsirip paich of Example 5-2 calculaied 
fcurs i^i) usirij: (5*74) And mca5urecl (puinu). 



From ihe input im|"»cdancc is 2^ = 36S a which compares to a measured value of 

.-JO U ai fg^ynancc. The measured resonant frequency of 3.01 GHz compares very well wiih 
Ihc dc5>gn Jrequency of 3.03 GHz. The radiaiion patterns m ihc principal plan«s are tiveo 
bj^ (5-74). Tliese paiicrnu are ploxtcd in Fjg. 5-56 (o^jether with data nueasurcd ai Viriinia 
Tetfh. The aarefimem is very ^ood for the simple ihcoiy employed/ 

Orher Patch Shapes, There arc many patch shapes for spedai purposes [35]. im- 
portant among thes« ate patches for creating circular polarization. Circular palar^ 
iscaiion can be achieved by feeding the comftf of a square patch, by feedifig adjacem 
orthogonal edges of a square patch 90* butwjf-phasc. or by using a pentagonal 
shaped patch. A aumbcr of software packages are available for analyzing the cur. 
rents, impedance, and radiation from microslrip frlmeots of mosc any shape a* well 
as smaJJ arraj's of patches, with the feed networJc. 



5JSL2 Microstrip Arrays 

Arrays of microstrip ant^naas offer the advantage that the feed network as «veU as 
the radiating elements can be printed, often by fabrication on the same single layer 
printed circuit board. More sophisticated implexnentatioas are finding wide use in 
matiy system applications that fully integrate microstrip radiating element and feed • 
lines along with the transmitting and receiving circuitry. In fact, antenna technology f 
IS following an evoluhonary path similar to that of electronics, moving from discrete ! 
devices that are individually connected to an antenna element toward full integra- f 
lion where chips are hitegrated with the feed lines and radiatora. I 
Microstrip antennas are often used in one of many possible astray configurations. ' 
Microstrip arrays arc very popular for fixed-beam applications because the radiating j 
elements and feed network can be fabricated on a single-layer printed citcuh board ! 
using low-cost lithographic techniques. Interelement spadngs for fixed-beam appli- \ 
cation;; are usually chosen to be lesi than frec-:^ace wavelength (A) to avoid grating 
Jobes and greater than A/2 to provide sufBcicnt room for ihc feed ihies, to achieve 
hi|;hcr gain for a given number or elements, and to reduce mutual coupHng The 
actn'c element patterns shown in Fig. 3^30 arc very shnUar. indicating that mutual ! 
couphng effects are not significant for those microstrip patches thai are spaced 0 57A [ 
apart. 

Largely as the result of pioneering work for sophisticated militaiy radar* phase- i 
scanned microstrip arrays can be produced iwiih monolithic microwave integrated • 
cinniii (MMIC) techniques that fabricate ampUfiers, phase shifters, and other de- ? 
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